The use of metal-coated plastics is increasing as shielding materials of electronic and information products due to their lightweight. In this paper, a finite-difference time-domain (FDTD) algorithm, based on the derivation of a time-domain representation of the surface impedance of an equivalent resistive film, was developed to analyze the electromagnetic penetration of pulsed electromagnetic fields through metal-coated plastics. The validity of the proposed algorithm, in both the far-field and near-field cases, was verified by comparing the calculated penetrated electromagnetic fields or shielding effectiveness with theoretical and measured ones. Good agreement between them demonstrated the usefulness of the FDTD algorithm.
Introduction
With the increasing requirement of lightweight for electronic and information products, metal-coated or metalplated plastics are being widely used as shielding materials [1] . When the metal layer is thinner than its skin depth, however, the electromagnetic (EM) wave penetration is not negligible. On the other hand, as a powerful tool to analyze the shielding effectiveness the finite-difference time-domain (FDTD) method [2] is a convenient means. With the FDTD method, many efforts have been made to model thin metal layers [3] - [5] because the FDTD method suffers from the requirement of fine discretization which would yield a considerable burden on the computation time and memory. This becomes especially difficult for a multi-layer structure [6] , [7] such as the metal-coated plastics. To cope with this problem, an approach with a transmission line model was made in [8] , in which the transmission coefficient of the multi-layer structure was approximately derived and was replaced with that of an infinitely thin resistive film being formulated via its surface impedance in the FDTD method. This approach was reported to be superior to that in [6] for a multi-layer structure. In this approach, however, the equivalent surface impedance of the resistive film becomes a function of frequency. This means that it cannot be incorporated directly into the conventional FDTD algorithm for an EM pulse excitation. In this paper, based on the above approach, an FDTD algorithm is newly developed to analyze the shielding effectiveness of metal-coated plastics for a) E-mail: wang@elcom.nitech.ac.jp a pulse excitation. This is realized via the derivation of a time-domain representation of the surface impedance of an equivalent resistive film with the fast Fourier transformation (FFT). The validity of the FDTD algorithm is verified via comparing its numerical results with the theoretical and experimental ones. Figure 1 shows a model of metal-coated plastics with a multi-layer structure. The model is assumed to spread infinitely in the x-y plane. For any incident EM waves that impinge on the material with an incident angle θ i , the fields would propagate with an angle θ t from the z-axis. Due to the high conductivity of the metal layer compared to that of air, the transmission angle θ t can be approximated by θ t =0. This means that the penetration of the tangential field components inside the metal-coated plastics can be modeled by a plane wave propagating in the z direction or a onedimensional transmission line model. According to [8] , the multi-layer structure can be replaced with an infinitely thin resistive film which has the same transmission coefficient as itself. This yields an equivalent surface impedance Z s ( f ) for the multi-layer structure, which is given by
Equivalent Resistive Film
where T ( f ) is the transmission coefficient approximately derived from the one -dimensional transmission line model of the multi-layer structure and η 0 is the free-space intrinsic impedance. Figure 2 shows an FDTD grid for an equivalent thin resistive film of the multi-layer structure. From the boundary condition we havê
FDTD Algorithm
in the frequency domain where E s is the electric field along the resistive film surface, which yields
In order to simulate the EM penetration of pulsed electromagnetic fields and the shielding effectiveness in a broad frequency band, we employed a time domain representation z s (t) of Z s ( f ) in the FDTD algorithm, which is calculated from the inverse FFT of Z s ( f ). On the assumption that the corresponding frequency for the kth frequency data point is k × ∆ f where ∆ f is the frequency discretization increment, the frequency data are extended to 2N by conjugating the first N data in order to get a real time response, i.e.,
where ∆t is the time step equal to 1/(2N∆ f ) and only the first N time-domain data are employed in the FDTD implementation. Transforming Eqs. (3) and (4) into the time domain via the discrete convolution formula, we have the following equations for the x and y components of the electric fields at the equivalent resistive film:
Substituting Eqs. (7) and (8) into Maxwell Equation (Faraday law) in the time domain and rearranging them for the x components of the magnetic fields at the both sides of the equivalent resistive film, we have Eqs. (9) and (10) of the next page.
Similarly, the y components of the magnetic fields are also given in the above form. In such a way the frequencydependent surface impedance is incorporated into the FDTD algorithm via the neighbor magnetic fields at the both sides of the resistive film.
As can be seen in Eqs. (9) and (10), however, all the past H x and H y in the time domain have to be stored at the both sides of the resistive film, which yields an additional burden in memory. Although a solution to this problem is known to derive a recursive convolution scheme by expressing the equivalent impedance z m s in exponential functions using Prony approximation, as described in [9] , direct implementation of Eqs. (9) and (10) is addopted in this paper to avoid additional calculation burden for the determination of coefficients in Prony approximation.
Theoretical Validation
The validity of the FDTD algorithm was verified theoretically for the metal-coated plastic that was assumed to have a two-layer structure. As shown in Fig. 1 , the metallic layer had a conductivity (σ) of 5.8 × 10 7 S/m and a thickness of b 1 = 2 µm. The plastic had a relative permittivity (ε r ) of 4.0 and a thickness of b 2 = 1 mm. From the one-dimensional transmission line model approximation, Z s ( f ) was first derived from Eq. (1) and then its time-domain representation z s (t) (z m s ) was determined via the inverse FFT, which was shown in Fig. 3 . In the FDTD calculation, the cell size and time step were set to be 2 mm and 3.81 ps, respectively. Twelve perfectly matched layers [2] were employed to absorb the outgoing scattered waves. Figure 4 (a) shows a far-field model. A Gaussian pulsed electric field with an amplitude of 1 V/m was used as an incident field propagating in the z direction. The FDTD algorithm was therefore simplified to the one-dimensional case. Figure 4(b) shows the FDTD-calculated electric field penetrated through the metal-coated plastic, which exhibits ex- cellent agreement with the result from the transmission line theory. This demonstrated the validity of the FDTD algorithm for a plane wave incidence with the electric field components parallel to the metal surface. Figure 5 (a) shows a near-field model with an electric dipole. In this case, due to the difficulty in deriving a theoretical representation for the multi-layer structure, one metallic layer structure was used. The electric dipole had a length of 1 cm and was placed at a distance of d 1 from the metal surface. The dipole was excited with a Gaussian pulsed voltage source whose peak voltage was 1 kV. The electric field that penetrated to the other side of the metal surface was calculated with the FDTD algorithm at an observation point with a distance of d 2 from the metal surface. Figs. 5(b) and (c) show the penetrated electric field at some specified distances from the metal. Also shown in the figure are the theoretical values that were derived from an electric dipole moment for an electrically thin metal sheet. According to [10] , the penetrated electric field in the frequency do- main is theoretically given as
where 
and I 0 is the dipole moment current, l is the dipole length and k is the wave-number. Moreover, γ 0 and γ denote the propagation constants in free space and in the metal sheet, respectively. The dipole current I 0 was obtained from the average of the FDTD-calculated currents along the dipole moment, which was found to have a dominant component around 1 GHz from the FFT. Substituting the current into Eq. (11) gave the theoretical electric field penetration in the frequency domain. Its waveform in the time domain was then derived from the inverse FFT. From Fig. 5 , Good agree- With the distance approaching to 2 mm both for d 1 and d 2 , however, some discrepancies were observed. The discrepancies seem to be due to the inclined incident field components that cannot be ignored. To examine the effectiveness of the one-dimensional transmission line approximation in the near-field case, the errors between the FDTD-calculated and the theoretical results were investigated for the penetrated electric fields at the dominant frequency (1 GHz) of the dipole current. The result is shown in Fig. 6 . It was found that when the distance d 1 or d 2 reduced to 2 mm (1/150 wavelength), a relative error of 13% from the theoretical value was observed for the penetrated electric fields. It should be noted, however, that as long as the distances of both d 1 and d 2 are larger than 1 cm (1/30 wavelength) to the metal surface, the FDTDcalculated results have an accuracy within 10%.
Experimental Validation
The FDTD algorithm was also validated experimentally in the frequency domain in a full anechoic chamber. As shown in Fig. 7 , a commercially available metal-coated plastic sheet with a four-layer structure was used in the experiment. A loop antenna with a radius of 0.5 cm was excited using a sweeping signal generator, and the penetrated electric fields were observed at a distance of 1 cm from the sheet using another loop antenna (radius: 0.5 cm) connected to a spectrum analyzer via a semi-rigid cable (outside diameter: 1 mm). The sheet size was 180 cm × 120 cm which was large enough compared to the antenna size and its distance to the sheet. The spacing of the probe from the plastic sheet was set by placing a wood board 1 cm thick between the probe and the sheet and then extracted it during the measurement. The alignment of the transmitting loop antenna and the probe was made by marking the center of two sides of the plastic sheet. The position error in experimental setting was less than 1 mm, which yielded an error in the measured magnetic fields up to 0.5 dB at maximum according to our simulation results.
To obtain the shielding effectiveness in the frequency domain, the magnetic field H y0 ( f ) in the absence of the metal-coated plastic sheet and H y ( f ) in the presence of the sheet were measured, and then the magnetic field shielding effectiveness SE was derived as S E = 20 log 10
On the other hand, in the FDTD calculation, the magnetic field H y0 (t) in the absence of the metal-coated plastic sheet and H y (t) in the presence of the sheet were calculated, and then were transformed to the frequency domain using the FFT, respectively, to obtain H y0 ( f ) and H y ( f ). The magnetic field shielding effectiveness was then derived from Eq. (12). A problem in the FDTD calculation was that the accurate thickness of the aluminum-coating layer was not provided in the catalogue of the sheet. It was only given that the thickness ranges from 0.01 to 0.04 µm, and the limitation to see through the sheet is 0.03 µm. Since the sheet considered was completely opaque, we assumed the thickness of the aluminum-coated layer to be 0.04 µm in the FDTD calculation. Figure 8 shows the FDTD-calculated shielding effectiveness in thick solid-line and the measured shielding effectiveness in diamonds as a function of frequency. As can be seen, the calculated result was in fair agreement with measurement from 0.1 to 1 GHz. The maximum difference between them was smaller than 2 dB except for 800 MHz. With changing the thickness of the aluminum-coating layer from 0.03 µm to 0.05 µm, as also shown in Fig. 8 , the FDTDcalculated shielding effectiveness shifted from the thin dash- line to the thin solid-line. It showed that a difference of 0.01 µm on the aluminum-coated layer yielded a variation of the shielding effectiveness about 2 dB, and the 0.05-µm thick aluminum-coated layer gave a shielding effectiveness closer to the measurement. These results assured the usefulness of the FDTD algorithm in simulating the EM penetration and shielding effectiveness of pulsed EM fields. As for the 4 dB lower shielding effectiveness at 800 MHz in the measurement compared to the FDTD calculation, it should be attribuated to a measurement uncertainty. In the absence of the metal-coated plastic sheet, the frequency characteristics of the measured magnetic field were almost flat, while they exhibited a small peak around 800 MHz in the presence of the sheet. This resulted in the lower shielding effectiveness.
Conclusion
An FDTD algorithm has been developed to analyze the electromagnetic penetration and shielding effectiveness of metal-coated plastics for pulsed EM fields. By replacing the metal-coated plastics with an infinitely thin resistive film that has the same transmission coefficient, a frequencydependent surface resistance of the resistive film has been derived and its time-domain representation via the inverse FFT has been incorporated into the FDTD algorithm. The FDTD algorithm has been applied to analyze the penetration of pulsed EM fields and shielding effectiveness in a broad frequency band in both the far and near-field cases. The results have been found to be in good agreement with theoretical or measured ones even in the near field case as long as the distances of the excitation and observation points are larger than 1 cm (or 1/30 wavelength) from the shielding material. Moreover, with the aid of a pluse excitation and the FFT technique, one can provide the frequency characteristics of shielding effectiveness just from one FDTD run, although somewhat additional memory is needed for the convolution in time domain.
The future subject is to improve the FDTD simulation accuracy for inclined EM incidence.
